Thermal Coupling of Matched SOI Device Bodies 



Background and Summary of the Invention 

The present invention relates to semiconductor-on-insulator 
integrated circuit structures and fabrication methods. 

5 Background 

Semiconductor on Insulator (SOI) material is being used for 
digital applications, where it is able to produce material that has 
significantly improved performance over the conventional (bulk) 
q material. SOI has two disadvantages when attempts are made to do 

□ 10 analog design. These disadvantages are impaired thermal dissipation 
H due to the oxide under the active components, and the fact that the 

Jj transistor body is typically left floating. 

f Power is dissipated in the MOS channel as a result of the current 

M through the channel and the voltage across it. Due to the poor thermal 

P 15 conductivity of SOI compared to bulk, the temperature of the layer 
| above the buried oxide may increase significantly just in the power- 

M dissipating device. This affects the characteristics of the device. The 

most typical effects of self-heating within a device are for the device 
to exhibit reduced threshold voltage and drive current, and to show 
20 increased leakage. 

Self-heating effects are of highest significance in devices where 
continuous current flows through a device that is biased with the source 
and drain at a significant voltage separation (e.g., Vds=lv). This 
occurs most often in analog designs. One of the simplest analog circuits 
25 in which this is important is the current mirror. 
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For analog circuitry where there is a matching requirement, the 
floating body can be an issue because of its history effect, which can 
leave adjacent devices with different body voltages. Body voltage 
variation directly causes Vt variation. Body voltage is the voltage on 
the parasitic base of the SOI transistor. As body voltage increases, the 
threshold voltage of the device decreases due to body biasing effects. 

Typically, body ties are used to alleviate the problems of a 
floating body. The layout is modified so that a body connection can be 
brought out from the device. Though this method can solve some of the 
problems, it does not address thermal mismatch, and takes additional 
silicon area to bring out the body tie. 

Using SOI, the oxide layer alleviates the need for a body tie. 
However, the insulator used in SOI devices can have as much as 100 
times the thermal resistance as the semiconductor material, which 
causes the devices to heat up when turned on. 

Misalignments of poly on the gates of coupled devices can cause 
process variations between them as well. Though a slight misalignment 
of the poly will not affect threshold voltage, it will affect the drive 
currents, because of the difference between the source and drain widths 
caused by the misalignment. 

Thermal Coupling of Matched SOI Device Bodies 

The present inventor has realized that SOI implementation of 
analog circuits presents a possible problem of thermal differences 
between devices which are supposed to be matched. This problem is 
caused by the great difference in thermal conductivity between the 



Texas Instruments 



Page 2 



TI-31484P 



insulating and semiconductor materials typically used for SOI. This 
problem can be solved by ensuring that the bodies of supposedly 
matched devices are thermally coupled by at least some continuous 
route of non-insulating material. In the preferred embodiment this 
material is a semiconductor material. 

In another embodiment, coupling is instead achieved by use of 
metal interconnects to thermally couple different devices. This variation 
has the advantage of thermally coupling devices in different silicon 
tanks, though the coupling is typically of lower quality. 

Advantages of the disclosed methods and structures, in various 
embodiments, can include one or more of the following: 

- good thermal and electrical coupling between linked devices; 

- thermal and electrical isolation from external sources. 
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Brief Des cription of the Drawings 

The disclosed inventions will be described with reference to the 
accompanying drawings, which show important sample embodiments 
of the invention and which are incorporated in the specification hereof 
by reference, wherein: 

Figure 1 shows a common source device according to a 
preferred embodiment. 

Figure 2 shows a side-by-side pair of NMOS devices with shared 
source and gate. 

Figure 3 shows a design which connects the bodies of two 
adjacent devices. 

Figure 4 shows a cross coupled layout with a common source. 

Figure 5 shows a cross coupled input pair with common source 
and isolated cross-coupleable drains. 

Figure 6 shows a cross coupled input pair with a common source 
and isolated cross-coupleable drains, with a shallow isolation trench 
instead of a deep trench. 

Figure 6a shows a side view of a preferred embodiment. 

Figure 7 shows a linearly coupled layout according to a 
preferred embodiment. 

Figure 8 shows two linearly coupled layouts according to a 
preferred embodiment. 

Figure 9 shows an example circuit implementing preferred 
embodiments. 
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Detailed Descrip tion of the Preferred Embodiments 

The numerous innovative teachings of the present application will 
be described with particular reference to the presently preferred 
embodiment. However, it should be understood that this class of 
5 embodiments provides only a few examples of the many advantageous 
uses of the innovative teachings herein. In general, statements made 
in the specification of the present application do not necessarily delimit 
any of the various claimed inventions. Moreover, some statements 
may apply to some inventive features but not to others. 

10 There are several embodiments of the present innovations, which 

Q will be described with respect to the relevant figures. All the variations 

q shown in this application share the innovative concept of using a shared 

1 tank, or connected body of active material to thermally match devices, 
y The contiguous devices are, in the preferred embodiment, surrounded 

15 by an insulating wall. The insulating wall is preferably formed of 

12 silicon dioxide, and extends to the oxide layer beneath the active layer 

2 in the preferred embodiment. By surrounding two or more devices, the 
Q insulating wall thermally couples the devices by, for example, 

preferentially allowing heat to propagate within the active silicon 
20 region. For example, if one device for some reason generates greater 

heat than the other device, their proximity and insulation from external 

heat sinks combined with the silicon thermal coupling will cause the 

two devices to track very closely. 

The insulating tank also isolates the devices from external heat 
25 sources that can asymmetrically heat the devices, causing differences 

in performance. Some of the embodiments have better or worse conse- 



Texas Instruments 



Page 5 



TI-31484P 



quences with respect to these aims, and are discussed more fully 
below. 

Figure 1 shows a shared tank implementation for a pair of 
common-source NMOS devices. The two devices are surrounded by an 
oxide barrier 112. Two drains 102, 106 are at either end, with a 
common source 104 in the center. On either side of the source area are 
gate structures 108, 110. The source electrically isolates the two 
transistors, but their temperatures track one another because the two 
devices are in the same insulator tank. The oxide tank surrounds the 
two transistors, which share a common source. 

This is one of the simpler implementations of the present 
innovations. In this model, the two devices share a common source. 
The gates and the drains are also shown. 

One limitation on this particular configuration is that external 
thermal gradients can affect one transistor more than the other. For 
example, if a heat source located nearer to one drain than the other has 
a steep thermal gradient, the entire tank will heat unevenly, and one of 
the transistors will then behave differently than the other due to 
changes in its threshold voltage. 

Another asymmetry can adversely affect the coupled performance 
of the devices in such a shared tank setup. If the poly silicon that is 
deposited to form the gates is displaced in one direction, this will result 
in one device having a wider drain and a narrower source, while it 
causes the other device to have a narrower drain and a wider source. 
This difference in dimensions of course affects the performance of the 
coupled devices. The solution is to cross couple the devices in such a 
manner as to create symmetry to counteract any asymmetric forces, 
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processes, or other effects, so that if there is a thermal gradient in one 
direction, the cross-coupled devices will experience similar heat 
increases. This is done both by electrically coupling specific transistors 
in the shared tank, as well as proper placement of coupled devices 
within the tank. 

Figure 2 shows another embodiment of the present innovations. 
In this variant, an NMOS pair is shown in a side-by-side configuration. 
A common source 202 is adjacent to a shared gate structure 204. Two 
drains 206, 208 complete the pair. The source and gates are shared, as 
in a current mirror configuration. One advantage of this configuration 
is that the two devices share a body region, meaning that the bodies are 
electrically coupled as well as thermally coupled. This keeps the body 
voltage the same within the two devices, helping to keep performance 
of the devices the same. 

Figure 3 shows an implementation which connects the p-type 
bodies of the two adjacent NMOS devices. This configuration is similar 
to that of Figure 1, having a common source 304 with two gates 308, 
312, and drains 302, 306. This variation couples the gates of the two 
devices together, which electrically couples the two devices as well as 
maintaining the thermal coupling. In this variation, two transistors are 
side by side within an insulating barrier, preferably made from an 
oxide. A common source is located between two n type drains. Two 
deep p doped regions 310 connect the two gates at either end of the 
common source, crossing the source region. Above the deep p doped 
connection regions is the normal n type doped material of the source. 

Conventional current mirrors in bulk silicon often use cross 
coupled devices to eliminate process variability across a chip, and 
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thermal gradients due to external sources. In the case of the examples 
described above, the devices are not cross coupled. The configuration 
in Figure 4 can be used to implement a cross coupled pair of MOS 
devices sharing a common source. In this embodiment, the drains 
either have to be very close in voltage, or always higher than a Vtn 
below the gate voltage. 

Figure 4 shows the cross coupled layout for SOI, accounting for 
thermal gradients due to external heat sources, process gradients, and 
also internal heating. The common source 402 has gates structures 404 
on either side. The drains 406 of opposite devices are coupled as 
shown in the figure. 

This layout is applicable when the MOS pair has to be matched 
to a common source. The oxide tank surrounds four transistors, all 
sharing a common source and gate. The opposite drains are also 
connected as shown. 

An enhancement to these structures that permits reasonable 
thermal coupling while allowing cross-coupling of the common source- 
tied pairs can be constructed as shown in Figure 5. This structure 
comprises common sources 502 with gates 506, connected to drains 
504 as shown in the figure. In this configuration, two source tied 
device pairs are cross coupled by metallization lines connecting their 
bodies or gates. An isolating oxide barrier 508 extends from the oxide 
wall 112 between two adjacent drains 504. This extension or finger of 
insulating material 508 is a deep trench isolation, and extends to the 
depth of the main oxide barrier 112. 

The thermal coupling of the above embodiment can be improved 
by only partially isolating the drains. Instead of the oxide separating 
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finger extending through the material to the insulator beneath, this 
ringer only extends part way to the underlying oxide. Figure 6 shows 
such a variation. Figure 6 shows a similar layout to that of Figure 5, 
except that the drains are isolated by an oxide barrier that does not 
extend all the way down to the underlying oxide layer. Instead, the 
plug or finger _ that separates each drain pair only extends part of the 
way to the underlying insulating layer. In this embodiment, a p doped 
region is located beneath the separating oxide finger to electrically 
separate the two drains. 

Figure 6a shows a side view of this embodiment. In this example 
with n-type drains, this "shallow trench" of insulator has a p doped 
region beneath it. This p region helps to electrically isolate the two 
devices' drains while allowing better thermal coupling than if the 
insulator were formed all the way down to the underlying insulator. 
Though this variation allows improved thermal coupling because the 
oxide trench only extends part way down through the active silicon, an 
additional mask step is required to implement this design. 

The idea behind isolating the transistors with an insulating 
barrier, combined with positioning the transistors so that asymmetric 
external effects will be countered, is continued in another embodiment 
shown in Figure 7. This figure shows a linear series of transistors that 
are coupled together as shown. Two shared sources are surrounded by 
gates for different transistors, gates 1 and 2. This structure is repeated 
on the lower half of the diagram, the two halves being separated by a 
G' which is held at source voltage. 

Thfs variation linearly couples the transistors by connecting Dl 
at the top to Dl at the bottom, D2 with D2, and the two shared 
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sources. Connection is accomplished with existing metallization steps 
in the process. The gates are also shown coupled in this variation. 

By linearly coupling these devices, more robust performance 
matching against thermal gradients is achieved. Some external thermal 
sources create nonlinear gradients, which are particularly problematic 
for current mirrors, op amps, and other performance matching devices. 
By coupling the sources and drains in this way, changes in performance 
due to thermal gradients are reduced or eliminated. Temperature 
changes occurring due to a thermal source to the side of this setup will 
of course affect each device roughly equally since the front of any 
temperature change will reach each device nearly equally. Temperature 
changes occurring from an external source to the top or bottom of the 
devices, however, typically cause more problems because they will 
affect, for example, the top set of coupled transistors more than it they 
affect the more distant bottom set of transistors. Though the isolating 
oxide barrier helps in equalizing temperature within the barrier, cross 
coupling the top devices to the bottom devices ensures that a thermal 
gradient from the linear direction is reasonably similar for both devices 
in the matched pair. 

Further protection against large external heat sources can be 
achieved by adding another linearly coupled set of devices next to that 
shown in Figure 7, and cross coupling them. Such a setup is shown in 
Figure 8. 

In Figure 8, the linearly coupled, shared source transistors are 
connected to another set of linearly coupled, shared source transistors. 
The sources of the left half couple to the sources of the right half, the 
gates couple, as do the drains. However, in the case of the gates and 
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drains, D2 and Dl are switched with respect to the first, left hand set 
of linearly coupled transistors. As shown in the figure, this puts the D2 
drain at the top of the figure (where Dl is located on the left-hand set), 
and Dl below this one (where D2 is located on the left-hand set). This 
modification of course requires that the gates also be rearranged to 
match. The shown devices are surrounded by an insulating oxide wall 
as the other embodiments, but the oxide barrier is not shown in this 
figure for simplicity. 

Incorporating this change into the device means that a thermal 
gradient coming from the top or the bottom of the figure will affect 
both Dl and D2 at the same spatial location. This is important 
especially for non-linear thermal gradients, where temperature can 
change greatly over a small distance. By coupling the left device set 
with the right device set as shown, and insulating the entire setup with 
an insulating barrier, thermal control and stability is maximized. 

Figure 9 shows a cascode pair for implementing a preferred 
embodiment of the present innovations. Several PMOS transistors are 
linked to form the circuit comprising three current mirrors and the 
input pair and output. A two-stage mirror 902 is shown at the top of 
the figure, followed by a cascode pair 904. Beneath this is the input 
pair 906 and finally another current mirror 908. 

Definitions: 

Following are short definitions of the usual meanings of some of 
the technical terms which are used in the present application. 
(However, those of ordinary skill will recognize whether the context 
requires a different meaning.) Additional definitions can be found in 
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the standard technical dictionaries and journals. 
Tank- a continuous region of active material. 

Body- the active region beneath the channel of a MOS semiconductor 
device. 

SOI- Semiconductor On Insulator. 
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Modifications and Variations 

As will be recognized by those skilled in the art, the innovative 
concepts described in the present application can be modified and 
varied over a tremendous range of applications, and accordingly the 
scope of patented subject matter is not limited by any of the specific 
exemplary teachings given, but is only defined by the issued claims. 

The teachings above are not necessarily strictly limited to silicon. 
In alternative embodiments, it is contemplated that these teachings can 
also be applied to structures and methods using other semiconductors, 
such as silicon/germanium and related alloys, gallium arsenide and 
related compounds and alloys, indium phosphide and related com- 
pounds, and other semiconductors, including layered heterogeneous 
structures. 

Though many of the example embodiments herein described refer 
to NMOS or PMOS devices in particular, it should be noted that the 
present innovations are applicable to either type of transistor and 
variants thereof, for example, LDMOS and bipolar structures. The 
specific examples given are not intended to limit the scope of the 
inventions. 

The present innovations are contemplated to be particularly 
useful in such performance matching devices as current mirrors, 
cascode pairs, sense amplifiers, and differential input pairs, for 
example. 

The present innovations are also applicable in other technologies 
that require close operation of devices, such as memory or other 
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systems requiring flip flops. For example, matched cells in SRAM can 
benefit from the presently disclosed innovations. 

The ideas herein described are not limited to applications in 
analog circuit stages. For example, some memory applications (such as 
SRAM, mentioned above) can use the present innovations, as well as, 
for example, logic stages where matched timing along two critical paths 
in a digital circuit is needed. 

It should also be noted that, over time, an increasing number of 
functions tend to be combined into a single chip. The disclosed 
inventions can still be advantageous even with different allocations of 
functions among chips, as long as the functional principles of operation 
described above are still observed. 

Additional general background, which help to show the knowl- 
edge of those skilled in the art regarding variations and implementa- 
tions of the disclosed inventions, may be found in the following 
documents, all of which are hereby incorporated by reference: 
Bernstein and Rohrer, SOI Circuit Design Concepts (2000). 
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